Accurate modification of the 3 billion-base-pair human genome requires tools with exceptional sequence specificity. Here, we describe a general strategy for the design of enzymes that target a single site within the genome. We generated chimeric zinc finger recombinases with cooperative DNA-binding and catalytic specificities that integrate transgenes with >98% accuracy into the human genome. These modular recombinases can be reprogrammed: New combinations of zinc finger domains and serine recombinase catalytic domains generate novel enzymes with distinct substrate sequence specificities. Because of their accuracy and versatility, the recombinases/integrases reported in this work are suitable for a wide variety of applications in biological research, medicine, and biotechnology where accurate delivery of DNA is desired.
T
he postgenomic era of medicine will be defined by our ability to achieve biological control through genetic reprogramming. New tools are needed to accurately rewrite the genomic script and specifically alter genes, gene expression, and epigenetic state at any desired loci. To date, no enzyme-natural or synthetic-has been able to accurately modify only a single targeted site within the human genome (1) . Scientists in biology, biotechnology, stem cell research, and gene therapy currently rely on naturally occurring enzymes to perform functions like DNA integration and excision. However, these enzymes recognize multiple sites within the human genome, often resulting in off-target DNA integration and chromosomal translocation (2) (3) (4) (5) (6) . Our recent work with serine resolvases and invertases led us to hypothesize that we could use a modular approach that capitalizes on cooperative specificity to design synthetic enzymes that would uniquely recognize a single site within the 3 billion-base-pair human genome and allow us to deliver DNA specifically to this site ( Fig. 1A) (7) .
In their native contexts, serine resolvases and invertases selectively recombine target sites within the same DNA molecule. This intramolecular specificity is assured by obligate assembly of large protein complexes, wherein accessory factors bound at neighboring sites impose topological and spatial constraints on the recombination reaction (8) . Hyperactive mutants of several serine resolvases and invertases have been discovered that efficiently catalyze unrestricted recombination between minimal dimer-binding sites (Table S1 ) (9, 10) . Furthermore, unlike other site-specific recombinases, serine resolvases and invertases are well suited to synthetic reengineering. These enzymes are modular in both structure and function, each comprised of a distinct catalytic domain flexibly tethered to a small helix-turnhelix DNA-binding domain (DBD). However, these DBDs are poorly suited for accurate genomic recombination (11) because the recognition motifs are short (4-6 bp) and degenerate (12, 13) .
In contrast, zinc finger DNA-binding proteins recognize target sites of variable lengths with high specificity. These proteins are composed of a series of modular zinc finger domains that each bind specifically to 3 or 4 base pairs of DNA (14) . Synthetic zinc finger DNA-binding proteins have been generated for many sequences, using several approaches (15) (16) (17) . Capitalizing on this work, researchers have incorporated synthetic zinc finger proteins into a wide variety of molecular tools (7, (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) .
The DBD of a hyperactive serine recombinase can be replaced with a zinc finger protein of higher affinity and specificity (7, 25) . This substitution retargets recombination to sequences flanked by zinc finger binding sites (ZFBS) (Fig. 1B) . However, these zinc finger-recombinases (RecZFs) retain a second, complementary specificity. The serine catalytic domain imposes its own sequence requirements on the interior of the RecZF target site (20-bp core, Fig. 1B) (7) . Functional RecZF recombination sites must contain sequences compatible with both the zinc finger DNAbinding protein and recombinase catalytic domain.
The specificity of each RecZF is thus a product of modular site-specific DNA-binding and sequence-dependent catalysis.
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Fig. 1.
Structure and mechanism of RecZF-mediated integration. (A) Recombinase dimers bind to genomic and episomal target sites, form a tetrameric complex, cleave both target sites, exchange strands by a 180°rotation, and religate to generate the integrative product. (B) The DBDs of naturally occurring serine resolvases and invertases bind short and degenerate sequence motifs. When those domains are replaced with zinc finger proteins, recombination is retargeted to an extended sequence in which zinc finger binding sites (ZFBS) flank a 20-bp core recognized by the catalytic domain. Selective recognition of both of these elements affords RecZFs cooperative specificity. GinC5 was generated by fusing a hyperactive catalytic domain of the Gin invertase to the C5 zinc finger protein. The composite structure shown here is derived from those of DNA-bound ␥␦ resolvase (12) and the Aart zinc finger protein (14) .
We hypothesized that this cooperative specificity would ensure accurately targeted recombination within a genomic context. To validate this design principle, we evaluated the ability of RecZFs to orchestrate plasmid integration into a single site in the human genome. We found that RecZFs catalyze targeted modification of the human genome with high accuracy (Ͼ98%). Moreover, additional RecZFs can be generated for novel target sequences. Because of this combination of precision and versatility, future development of RecZF technology should result in a powerful new set of tools for genetic studies, biotechnology, stem cell research, and gene therapies. More broadly, cooperative specificity may serve as a general strategy for designing the next generation of genome-modifying tools.
Results
To generate a highly specific zinc finger-recombinase (RecZF), we fused the catalytic domain of a hyperactive mutant of the Gin invertase, GinH106Y (9) , to the zinc finger protein C5, yielding GinC5 ( Fig. 1B and Table 1 ). A native Gin homodimer recognizes 3 elements within its substrate: 2 DBD-binding sites flanking an internal sequence required for catalysis (the 20-bp core). We replaced the natural DBD sites with those of C5 to generate a recombination site for GinC5, C.20G (Table 1 ). The RecZF site is thus the target of complementary zinc finger and catalytic domain specificities.
To evaluate the specificity of GinC5-mediated recombination, we created a reporter cell line (293-C.20G) by positioning a single copy of the GinC5 target site (C.20G) upstream of a promoterless EGFP transgene in the genome of human cells as described in Materials and Methods. The GinC5 target site was also introduced into the donor plasmid (C.20G-Puro) downstream of a CMV promoter. Because the puromycin resistance gene is constitutively expressed from the C.20G-Puro donor plasmid, integration anywhere in the genome confers puromycin resistance. Successful site-specific integration of donor plasmid into the genomic target site in the 293-C.20G cells should alter expression of EGFP. We anticipated that bidirectional integration would yield 2 phenotypically distinct products (Fig. 2) . In one outcome, the CMV promoter would lie adjacent to EGFP, enhancing cellular fluorescence (EGFP-high). In the other, the CMV promoter and EGFP would be distant from each other and in opposite orientations (EGFP-low). (Fig. 3A) . Additionally, a significant fraction of the cotransfected cell population (1.4 Ϯ 0.2%) showed modified EGFP fluorescence (Fig. 3B ). This percentage is equal to the efficiency of targeted integration. After puromycin selection, the vast majority of resistant cells exhibited either increased or decreased EGFP fluorescence (Fig. 3B) . In 2 separate experiments, clonal cell populations were isolated and characterized. The frequency of targeted integration among clones from each experiment (23/23 and 32/33) indicated that the overall specificity of integration was 98.5 Ϯ 1.5%. Genomic PCR analysis and sequencing confirmed that the 2 fluorescent phenotypes matched the expected genotypes at the C.20G locus (Fig. 4) . These data indicate that GinC5 
Tn3 ( RecZFs were assembled by the fusion of hyperactive serine catalytic domains and zinc finger DNA-binding proteins (ZFPs). Each RecZF target site is a composite of sequences required for zinc finger DNA binding (ZFBS) and serine catalysis (20-bp core). RecZFs assembled from ZFPs C1 through C6 were designed to bind overlapping segments of the C6 target sequence and, therefore, are compatible with target sites C.20G and C.20T.
Fig. 2.
A model system for assaying RecZF-targeted integration. Donor plasmid and RecZF expression vector were cotransfected into a human cell line containing a single genomic target site (naïve, N). Bidirectional integration yielded 2 phenotypically distinct products. In one case, the CMV promoter lies adjacent to EGFP, enhancing cellular fluorescence (EGFP-high). In the other, CMV promoter and EGFP are distant and in opposite orientations (EGFP-low).
accurately targeted plasmid integration into the human genome. The level of nonrecombinase-mediated integration [GinC5(Ϫ), Fig. 3A ], suggests that off-target integration catalyzed by GinC5 is below the detection limit of our assay.
We also compared integration mediated by RecZFs containing different numbers of zinc finger domains ( Table 1) . The smallest RecZF, GinC1, is expected to recognize a 3-bp zinc finger binding site and the largest, GinC6, should specifically bind to an 18-bp site. We found that RecZFs with 4 or 5 zinc finger domains integrated donor plasmid into the genomic target with the highest integration efficiencies [1.6 Ϯ 0.2% ( Fig. 5 A and  B ) and 1.4 Ϯ 0.2% (Fig. 3B) , respectively] and specificities of total integration [98.7 Ϯ 6.7% (Fig. 5C ) and 98.5 Ϯ 1.5% (Fig.  3B) , respectively]. By contrast, recombinases with 1 or 2 fingers showed no activity above background suggesting that the binding activity of 1 and 2 finger proteins is insufficient. Western blot analysis confirmed that these differences were not caused by uneven protein expression levels (Fig. 5D ).
RecZF Target Sequence Specificity Is Programmable by Modular
Design. To demonstrate that additional highly specific RecZFs can be created by modular assembly, we fused the C5 zinc finger protein to a hyperactive mutant catalytic domain derived from Tn3 resolvase (S70G, D102Y, E124Q) (7). The resulting chimera, Tn3C5, was expected to recombine C.20T (Table 1) , a RecZF site containing the central 20 bp of the Tn3 native substrate (Fig. 6A) (10) . Tn3C5-mediated integration in the 293-C.20T cell line occurred with high specificity of total integration (88.3 Ϯ 20.5%). Background fluorescence of unmodified cells prevented detection of the expected EGFP-low phenotype, but highly fluorescent cells (EGFP-high) were readily quantified (see Materials and Methods). Efficiency of targeted integration by Tn3C5 was 0.13 Ϯ 0.01%, considerably lower than that of GinC5 (Fig. 6C) .
We tested the selectivity of the Gin and Tn3 catalytic domains ( (Fig. 6C) . High levels of specific recombination were only observed when enzyme matched both substrates. Notably, the genomic target sites were particularly stringent: Integration was only allowed when target and RecZF were properly paired. These results demonstrate that the cooperative specificities of the zinc finger protein and the recombinase catalytic domain are necessary to create a functional enzyme at a particular target site. This mechanism accounts for the stringent activity of these enzymes and exceptional accuracy of plasmid integration.
Discussion
In order to specifically alter genomes, researchers have developed a variety of tools for targeted genetic modification. Progress toward an accurate genomic integrase began with the characterization of naturally occurring enzymes such as Cre recombinase (30) . More recently, bacteriophage serine integrases have gained prominence because they catalyze unidirec- Analysis of all integrative events (those that conferred puromycin resistance) indicated that the vast majority of plasmid integration occurred at the GinC5 target site. The specificity of GinC5-mediated integration (98.5 Ϯ 1.5%) was determined by clonal analysis (Fig. 4) . AF signifies cellular autofluorescence. tional recombination; this selectivity facilitates stable transgene integration (31) . Additional contributions were made by synthetically coupling a highly specific DNA-binding domain with a nonspecific integrase (26) and transposase (27) . Unfortunately, each of these enzymes suffers from a lack of specificity. Using these systems in human cells, only 1-14% of plasmid integration occurs at the targeted genomic site and sophisticated selection strategies are necessary to obtain pure populations (26, 27, 30, 31) . Additionally, off-target recombination (2, 6) can result in deletion, chromosomal translocation, cytotoxicity, oncogenesis, and other adverse consequences that have all been documented (3-6, 32). Substantial off-target activity has also been observed with other classes of DNA-modifying proteins (1, 33, 34) . Additional experiments are necessary to determine whether RecZFs can also cause these abnormalities, although the high level of specificity of plasmid integration suggests that this new class of enzymes will be less susceptible to these limitations.
Clearly, there remains an unmet need for tools with exceptional sequence specificity. To address this problem, we set out to assemble enzymes from highly specific DNA-binding and catalytic domains to provide 2 complementary layers of stringent regulation. Our experiments with GinC5 validated this design strategy: The combination of cooperative specificities-zinc finger binding and the sequence-dependent catalysis-ensured that plasmid integrated precisely into the desired genomic target site. Although integration anywhere in the genome would have conferred puromycin resistance, 55 of 56 resistant clones (98.5%) contained an integration event at the target locus. The single clone containing a nonspecific integration event is likely attributable to the background level of puromycin resistant colonies that arose in the absence of RecZF (Fig. 3A) . It remains possible that RecZF-mediated nonspecific integration occurred at a level below the threshold of our assays.
Compared with naturally occurring enzymes, RecZFs not only integrate with high specificity, but high efficiency as well. RecZF efficiencies are comparable to other integration technologies, including phage integrases (31), adeno-associated virus vectors (35) , and transposases (36) . For example, the efficiency of targeted integration catalyzed by GinC5 (1.4%; Fig. 3B ) is similar to that of the C31 integrase (0.7%) (31) . C31 is a member of the family of large serine recombinases and has received substantial attention because of the advantage of this enzyme to mediate unidirectional integration (6) . It remains to be determined why these 2 reactions, one irreversible (C31) and the other kinetically disfavored (GinC5), yield similar integrative efficiencies.
Another approach to achieving genomic specificity relies on cellular DNA repair (37) . Mediated by endogenous DNA-repair enzymes, homologous recombination (HR) accurately modifies the genetic sequence of the target locus. The chief drawback of this approach is its relative inefficiency: HR is orders of magnitude less frequent than random plasmid integration (1). Several catalysts have been developed that dramatically enhance the efficiency of HR, including triplex forming oligonucleotides and adeno-associated viral vectors (1) . A very promising method relies on endonucleases (e.g., homing nucleases such as I-SceI and zinc finger-nuclease fusion proteins) that recognize rare sites (23, 29, 38) . Although zinc finger-nuclease fusion proteins have been used to modify genomic DNA with high efficiency, this strategy currently suffers from fundamental limitations that hamper its overall safety and efficacy in gene therapy scenerios. In particular, aberrant cleavage of unknown off-target chromosomal sequences can result in significant toxicity in treated cells (33) . Additionally, repeated cleavage at both the target site and off-target sites stimulates error-prone DNA repair mechanisms that lead to random mutations at these sites (23, 24, 29) . These events are unpredictable and extremely difficult to comprehensively characterize experimentally and 1 recent study found that off-target modifications occurred with a frequency of Ͼ13% (23). In contrast, RecZF specificity can be readily quantified by clonal analysis as performed in this study (Fig. 4) . More importantly, RecZFs eliminate the need to damage cellular DNA and do not rely on cellular mechanisms of DNA repair and homologous recombination. A more thorough comparison of RecZFs with other molecular tools will require further experiments that directly characterize their effect on cytotoxicity and genome stability (i.e., chromosome loss or translocation).
Because of the modular composition of the RecZFs, recombinases/integrases with distinct sequence specificities can be synthesized. We have demonstrated that RecZFs are fully programmable, with target sites defined by the cooperative specificities of both zinc finger protein (Fig. 5) (7) and serine recombinase catalytic domain (Fig. 6) . Although it remains to be demonstrated that RecZFs can be readily prepared to act at any given DNA sequence, a large variety of RecZFs can be assembled by drawing on the growing number of hyperactive serine catalytic domains (Table S1 ) and the expansive pool of polydactyl zinc finger DNA-binding proteins of high affinity and specificity. In addition, we have shown that the specificities of naturally occurring serine recombinase catalytic domains can be modified by directed evolution (7). Indeed, large changes in catalytic domain specificity have already been achieved. Beyond vastly increasing the number of catalytic domains available for RecZF assembly, such evolutionary selection should enable the design of RecZFs tailored to endogenous genomic loci. We envision that an array of orthogonal recombinases/integrases will permit site-specific genomic manipulation comparable to that allowed by the restriction enzymes that presently facilitate genetic manipulations in vitro (39) . Our results with GinC5-mediated integration suggest that cooperative specificity can be used to create a new family of highly specific genetic tools that might play an important role in biology and medicine by allowing scientists to rewrite the genomic script with exceptional accuracy.
Materials and Methods
Zinc Finger-Recombinase Expression Vectors. Our group has selected zinc finger domains that selectively bind many of the 64 DNA triplets (40 -42) . A synthetic DNA-binding protein can be designed for a given target sequence by the modular assembly of corresponding fingers. A hyperactive Gin invertase catalytic domain (H106Y) (9) was PCR amplified using a 3Ј primer encoding the F1 zinc finger domain (GTG). This fusion product (GinC1) was subsequently digested so that 3Ј zinc finger domains F2 through F6 (GGC, GGA, GCG, GTG, GCA) could be iteratively inserted to generate a series of RecZFs of increasing length: GinC2, GinC3, GinC4, GinC5, and GinC6 (Table 1) . These genes were then cloned into pcDNA3.1-Zeocin (Invitrogen). The same method was used to generate Tn3C5, a fusion of a hyperactive Tn3 resolvase catalytic domain (S70G, D102Y, E124Q) (7) and the zinc finger protein C5. Sequences of each RecZF are included in Table S2 .
Recombination Substrates. The CMV promoter was PCR amplified from pcDNA3.1-Zeocin (Invitrogen), using a long 3Ј primer encoding recombination site C.20G (Table 1) , and cloned into a derivative of pBabe-Puromycin (43) to generate C.20G-Puro. The 20G sequence differs from the natural substrate of the Gin invertase (Table S1 ) at the 2 central base pairs: TC3 AT (7). Donor plasmid C.20T-Puro was generated in similar fashion using a 3Ј primer encoding recombination site C.20T (Table 1) .
Cell lines containing genomic target sites for GinC5 and Tn3C5 were generated using the Flp-In system (Invitrogen). The EGFP gene (Clontech) was PCR amplified with a 5Ј primer encoding recombination site C.20G and cloned into a derivative of pcDNA5/FRT (Invitrogen) to generate EGFP-C.20G. EGFP-C.20T was generated in similar fashion, using a 5Ј primer encoding recombination site C. Negative controls contained pcDNA3.1-Zeocin (2,000 ng) rather than the RecZF expression vector. At 24 h after transfection (day 1), cells were transferred at 1:10 dilution into new wells. On day 2, hygromycin (150 g/mL) or hygromycin and puromycin (2 g/mL) were added to the media. Cells were then passaged as necessary for 16 days. On day 18, cells were subjected to cytometric analysis with a FACScan dual laser flow cytometer (BD Biosciences). Calculations of efficiency and specificity were based on populations with high EGFP fluorescence (EGFP-high) (Figs. 2-5 ). The gating parameters used to analyze unselected populations captured 0.05% of background. A different set of gating parameters was used for puromycin-selected populations, capturing 3% of background. Clonal analysis (see below) indicated that GinC5-mediated integration of C.20G-Puro into 293-C.20G, followed by puromycin selection, yielded cells that were 98.5% EGFP modified (Fig. 3 and Fig. 4) . All other values of efficiency and specificity were interpolated between the background populations (0% EGFP-modified) and this positive control.
For clonal analysis, cell populations from 2 independent experiments were seeded into 96-well plates at limiting dilution with media containing both hygromycin and puromycin. Each well was visually inspected to ensure single colony formation. EGFP expression by clonal populations was determined by flow cytometry. Genomic PCR was used to genotype the colonies and parental bulk populations. Each PCR contained 100 ng of genomic DNA isolated with the QIAamp DNA mini kit (QIAGEN). Three sets of PCR primer pairs were used, each pair corresponding to an expected genotype at the target locus (Fig. S1 ).
Colony Counting Assay.
To determine the efficiency of plasmid integration, transfected cells were transferred at 24 h after transfection (day 1) onto polylysine-coated 10-cm plates containing media with puromycin (2 g/mL). On day 10, cells were stained with crystal violet solution for colony counting. Parallel incubation of diluted cell populations in the absence of puromycin indicated that 1.30 ϫ 10 4 Ϯ 7 ϫ 10 2 CFUs were seeded in each 10-cm plate. The 6-well plates shown in Fig. 6A were generated in similar fashion.
Western Blot Analysis. Western Blot Analysis is described in SI Methods. 6 . Study of the contribution of catalytic domain specificity to RecZF target specificity. Novel RecZFs can be generated by combining hyperactive serine catalytic domains (Table S1 ) and zinc finger proteins. Tn3C5 was generated by fusing a hyperactive catalytic domain of the Tn3 resolvase to the C5 zinc finger protein. (A) Like GinC5, Tn3C5 catalyzed highly specific plasmid integration. (B) Illustration of RecZF target site selectivity. RecZF specificity is a product of both zinc finger recognition and catalytic domain sequence dependence. Because the Gin and Tn3 catalytic domains are specific for different core sequences (20G and 20T, respectively; Table 1 ), RecZFs derived from these 2 elements are functionally orthogonal. (C) Selectivity of the Gin and Tn3 catalytic domains was assayed under all possible combinations of RecZF (GinC5, G; Tn3C5, T), donor (C.20G-Puro, G; C.20T-Puro, T), and genomic target (293-C.20G, G; 293-C.20T, T). High levels of specific recombination were only observed when enzyme matched both substrates (shown in bold). Standard error is shown for samples prepared in triplicate. Mutations that release serine recombinases from native regulatory regimes allow them to catalyze unrestricted recombination between minimal dimer binding sites. These hyperactivating mutations are readily selected and have been found for several members (1) (2) (3) (4) (5) of the large and diverse serine recombinase family (6) .
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